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N-substituted 1,3,5-triazacyclohexanes (R;TAC) react with praseodymium trifluoromethane sulfonates [Pr(OTf),] to
give the corresponding complexes, containing one or two R;TAC ring(s) coordinated to prasecodymium, depending
on R. The crystal and molecular structures of these compounds have been determined by X-ray diffraction. The
complex containing two coordinated R;TAC is mononuclear, while the complex containing one R;TAC is dinuclear
with three triflate bridges. NMR diffusion studies indicate that these structures also occur in benzene solution.

1 Introduction

Many complexes containing triazacyclononane and larger
macrocyclic amines are known."? They are used, for example, as
bioinorganic model systems, reagents with high metal ion
selectivity or as olefin polymerization catalysts. N-substituted
1,3,5-triazacyclohexane (R;TAC) is arousing more and more
interest in coordination chemistry.® It is easily prepared by reac-
tion of formaldehyde with primary amines, allowing for a large
variety of alkyl substituents. A wide range of complexes with
transition metals (like titanium complex A* in Fig. 1) and main
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Fig. 1 Structures of some known complexes with R;TAC and
triazacyclononane.

group elements are well established. MAO-activated chrom-
ium(ir) complexes® (e.g. B in Fig. 1) are highly active homo-
geneous ethylene polymerization catalysts that resemble the
Phillips catalyst in many important properties.** We are inter-
ested in expanding this chemistry into the lanthanides. Their
organometallic coordination chemistry is dominated by
cyclopentadienyl complexes,® which often give highly active
catalysts for the polymerization of olefins (especially polar
monomers such as MMA7) but they are also highly air and
moisture sensitive, which limits their industrial applicability. As
many features of metal complexes containing R;TAC, such as
the ring centroid—-metal distance, donor orbital orientation or
positions of the ring substituents resemble those of analogous
Cp rather than triazacyclononane complexes, we expected that
R;TAC complexes of the lanthanides should have similar struc-
tures. Many lanthanide complexes containing macrocyclic lig-
ands with N and O donor atoms are known and the solution

+ The chemistry of 1,3,5-triazacyclohexane complexes. Part 10.
Electronic supplementary information (ESI) available: UV-Vis
spectrum of [(Me,;TAC),Pr(OTf);] in THEF, plot of additional diffusion
data for the peaks at 30 and 34 ppm in the '"H NMR spectrum of
[(Me;TAC),Pr(OTf);] and rotatable 3-D crystal structure diagrams in
CHIME format. See http://www.rsc.org/suppdata/dt/b1/b110784b/
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chemistry in mostly polar solvents or even water is well estab-
lished.® However, there are only a few reports on complexes
with ligands containing only tertiary amine donor groups in
non-polar and weakly coordinating solvents which would be
compatible with aluminium alkyl co-catalysts in organometallic
catalysis. A few N-alkyl-substituted triazacyclononane com-
plexes of scandium and yttrium,” such as C shown in Fig. I,
exist in the literature to date, with no R;TAC complexes being
documented.

In this paper we describe the synthesis of 1,3,5-triazacyclo-
hexane complexes of praseodymium, as potentially useful
precursors for organometallic chemistry and catalysis.

2 Results and discussion

Treatment of praseodymium trifluoromethane sulfonate,
Pr(OTf);, with 1,3,5-trimethyl-1,3,5-triazacyclohexane in tolu-
ene afforded [(n3-Me;TAC),Pr(OTf);] in 65% yield. Pale green
crystals were obtained by cooling the concentrated toluene
solution to 4 °C. The sandwich-type complex was formed even
when a 1 : 1 ratio of starting materials was used.

Among the four possible chair conformers, the all-equatorial
arrangement of the methyl groups in the free ligand Me;TAC
occurs only in small amounts. After the formation of the n?-
compound illustrated in Fig. 2, all three methyl groups occupy
equatorial sites, with very large Pr-N-R angles varying from
126 to 137°, thereby dramatically reducing the steric effects of
the N-substituents (Scheme 1).

Fig. 2 Molecular structure of [(n*-Me;TAC),Pr(OTf),], with thermal
ellipsoids drawn at the 50% probability level.
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Scheme 1

Due to the rigid nature of the triazacyclohexane ring, the
nitrogen lone pairs cannot be directed to the metal centre. Since
there is no apparent unusual distortion in the ligand, the nitro-
gen lone pairs can be estimated to form angle, a, of 21-28° with
the Pr-N axis, compared to 23-26° in analogous chromium
complexes. The average N-Pr—N angle is as acute as 52°. As one
might expect, due to shorter metal-nitrogen distance, transition
metal complexes usually have a larger N-metal-N angles. For
example, the average N-Ti-N in [Ti(NBu")(Me;TAC)CL,] is
59°,1% 60-63° for chromium in [(‘Pr,;TAC)CrCl(CH,SiMe;,),],'*
61° for iron in [(Me; TAC)FeCl,]'* and 62° for copper in [(Me;-
TAC),CuCl,]."% Calcium(ir) has a comparable ionic radius to
lanthanide(1m) ions, leading to a 53° N-Ca—N angle in [(Me;-
TAC),Ca[P(SiMe;),],].!* The acute angle in [(n*-Me,TAC),-
Pr(OTTf),] ultimately leads to severely misdirected nitrogen lone
pairs, concomitant with a weakened N-Pr interaction. As the
dipole orientation of the amine donor coincides with the direc-
tion of the lone pair, this weakening should occur even when
the N-Ln interaction is purely charge—dipole (~cos a). Indeed,
the complex is highly air and moisture sensitive and becomes
sticky immediately on exposure to air.

The average Pr-N bond length of 2.663 A for [(n*-Me;-
TAC),Pr(OTf),] is very close to the average Pr-C(Cp) distance
in [(CsMes),Pr(u-Cl),Na(dme),] ' (2.770 A). The coordination
number of the metal in [(u*-Me,; TAC),Pr(OTf),] is nine. Praseo-
dymium has the second largest ionic radius in the lanthanide
series (rpom = 1.18 A),'" and it prefers high coordination num-
bers, as exhibited in [(CsHs);Pr], and [(CsHs);PrCNC¢H,,]
(both coordination number ten), unless stabilized by very bulky
ligands, as in the case of [{CsH;(SiMe;),},PrCl],, where the Pr
is 8-coordinate.”

The UV-Vis spectrum of [(3-Me,;TAC),Pr(OTf);] in THF
shows the typical narrow absorption bands at half intensity of
about 50 cm™! and is almost identical to that of Pr(OTf), in
water, showing little influence from the ligand environment.

On carrying out the same reaction in THF, the product yield
increased from 65 to 81%. Crystals obtained from this reaction
had the same unit cell data as those obtained from the toluene
reaction.

The ligand signals in "H-NMR spectra of the complex are
shifted and broadened relative to free Me;TAC due to the
paramagnetism of the complex. The '"H-NMR spectrum in d,-
benzene shows two signals of about 80 Hz wide at 6 =46 and 30
in a ratio of 1 : 1. We assigned these to the pair of exo- and
endo-hydrogen atoms of the ring. A less broad signal (Avy, =
20 Hz) at 0 = 8.6 can be assigned to the methyl groups shifted
by praseodymium. All spectra also contained signals for
uncoordinated Me;TAC at 3.5 and 2.0 ppm and an additional
set of broader signals at 41, 34 and 14.0 ppmina 1 : 1 : 3 ratio,
which we assigned to another Me; TAC-Pr complex occurring
in solution. Upon dilution with further benzene, it was noticed
that the relative intensity for the free ligand and the entire set of
broad peaks increased slightly, while the signal at 8.6 ppm
decreased. This equilibrium can be described by Scheme 2, with
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a K of about 8 x 107> mol L' at room temperature. We per-
formed a PGSE " diffusion study on the solution to establish
the size of the two praseodymium complexes found in solution
(Fig. 3). The diffusion constant for the complex giving rise to

0.2 X[1010 m—2s] 0.4

Fig. 3 'H diffusion data for a solution of [(Me;TAC),Pr(OTf);] (@) in
C¢D; (A). The data for the product (O) of the dissociation of Me; TAC
(X) corresponds to the diffusion constant expected for a dinuclear
complex.'*

the signal at 8.6 ppm (6.9 % 107" m? s™") agrees well with the
value expected for [(Me;TAC),Pr(OTf),] and the major set of
signals can be assigned to the complex found in the crystal
structure. The diffusion constant for the minor complex causing
the signal at 14 ppm (5.1 x 107 m? s7') is close to the value
expected for the dinuclear complex shown in Scheme 2. The
simultaneously determined diffusion constants for free Me;-
TAC (9.3 X 107" m? s7!) and benzene (19 x 107 m* s™1) also
agree with the expected values.'*

In an attempt to isolate this dimeric complex, the reactions
were repeated with the slightly bulkier Et;TAC and Pr(OTf),
(Scheme 3). Crystals grown from toluene revealed a dinuclear
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complex containing an additional [EtNH,]"[OTf]” (molecular
structure shown in Fig. 4). The [EtNH,]"[OTf]™ probably comes
from a small amount of ethylamine in Et;TAC and excess
HOTS in Pr(OTf);. The bond lengths and angles are nearly
identical to those in [(n3-Me;TAC),Pr(OTf);]. However, the two
praseodymium atoms of the dinuclear complex have a different
coordination environment. The coordination number of Pr(1)
is nine, with three Pr-N bonds to Et;TAC (average bond length
2.66 A), three Pr-O bonds to three bridging triflates (2.46 A),
one Pr—O bond to a terminal n'-triflate (2.39 A) and two Pr-O
bonds to an n*triflate (2.58 A). The coordination number of
Pr(2) is eight, with a coordination environment similar to Pr(1),
except for the presence of two terminal n'-triflates (2.37 A)
instead of one n'- and one n*triflate. The three Pr-N bonds
(2.65 A) and the three Pr—O bonds to the bridging triflates (2.43
A) are also slightly shorter than for Pr(1), as expected for the
lower coordination number. All three terminal n'-triflates are
also hydrogen bridged to the [EtNH;]" cation (N --- O 2.8-3.0
A), whereas the terminal n’triflate is not, which may explain
the observed asymmetry.

We repeated the reaction, adding the stoichiometric amount
of [EtNH;]"[OTf]™, and the elemental analysis of the product
agreed with the structure of the dimer.
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Table 1

Crystal data and structure refinement for (Me;TAC),Pr(OTf);] and [EtNH;][(Et;TAC),Pr,(OTf),]-(C,Hg)o 5

Compound

(Me,TAC),Pr(OTf),

[ECNH,][(Et; TAC),Pry(OTf),]-(C;Hyg)o.s

Empirical formula

M/g mol™! 846.54
Crystal colour Pale green
Crystal size/mm 0.25 % 0.2 x 0.1
Crystal system Orthorhombic
Space group Pna2, (no. 33)
alA 14.7680(2)
bIA 13.3330(2)
clA 15.1600(2)
pre

UIA3 2985.03(7)

VA 4

DJgcm™ 1.884
u(Mo-Ko)/mm™ 1.951

F(000) 1688

20 4nge° 6-55
Collected data 28951

Unique data (I > 207) [R(int)] 6651 [0.041]
Refined parameters 388

Min./max e~ density/e A~ —0.609/0.395
Absolute structure param., y¢ —0.020(6)
R,"(I>20l) 0.0214

WR, (I >201) 0.0453

GOF“ 1.054

C,sH;30FoNgOoPrS,4

Cs.5Hs4F2 N;O,,Pr,S;
1760.05

Yellow
0.35%0.3x0.2
Monoclinic
P2,/n (no. 14)
10.4270(1)
54.2090(4)
11.1980(1)
97.7190(4)
6272.17(9)

4

1.864
1.901

3492

6-50

24339

9182 [0.0497]
766
—1.044/1.224

0.0577
0.1283
1.050

“H. D. Flack, Acta Crystallogr., Sect. A, 1983,39,876." R, =X |IF,| — |F.I|/Z|F,|. ¢ wR, = {S[w(F,2 — F2/E[W(F,21}"™. ¢ GOF = S = {S[w(F,2 —
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Fig. 4 Structure of [(Et;TAC),Pr,(OTf),]” with thermal ellipsoids
drawn at the 20% probability level.

From the corresponding NMR spectra, we found signals due
to the endo- and exo- hydrogen atoms of the ring at lower fields
than for [(n3-Me,;TAC),Pr(OTf),], 56 and 47 ppm, respectively.
The signal due to CH, in the N-ethyl group is at about 18 ppm,
which is close to the value of 14 ppm found for the N-CH;,
signal of the minor component proposed in Scheme 1. This is
also evidence for a similar dimeric structure for this minor
component.

The above study demonstrates that mono- and bis-R;TAC
complexes of the lanthanides can be prepared, and we are
currently studying their catalytic capabilities.

3 Experimental

All manipulations of air- and moisture-sensitive compounds
were carried out under an atmosphere of nitrogen or argon
using standard Schlenk-line or glove box techniques. Solvents
were dried according to standard methods and collected by dis-
tillation. Praseodymium triflate was prepared according to
literature method.”® Me,TAC and Et,TAC were prepared
according to the literature ' and were dried by distillation from
sodium. 'H and *C NMR spectra were recorded on Varian
Mercury-400 or Bruker Avance-300 instruments. A modified
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version (BPPSTE)" of the pulsed field gradient spin echo
(PGSE) sequence was used to determine the diffusion con-
stants.”® The samples were measured at 400 MHz at 293 K
without spinning. The gradient pulse was varied up to a gradi-
ent strength (G) of about 0.2 T m~! with a constant duration (5)
of 10 ms followed by a delay () of 0.3 ms. The time between the
midpoints of the gradients (4) was chosen as 30 ms. The diffu-
sion constant (D) was obtained as the slope of a plot of In(//1)
= —Dx, with I being the observed intensity, /, the intensity
without gradient and x = (ygdG)*(4 — 6/3 — ©/2)."" The gradient
strength was calibrated using the diffusion constant for HDO in
D,O0 as a reference.’® Elemental analyses was conducted on an
Exeter Analytical Instruments CE-440 elemental analyser.

3.1 Synthesis of [(n’-Me,;TAC),Pr(OTf),]

3.1.1 Toluene as solvent. Me;TAC (0.1 g, 0.8 mmol) and
praseodymium triflate (0.47 g, 0.8 mmol) were transferred into
100 ml of toluene. The suspension was stirred at room temper-
ature for 2 days and then decanted from the solid, which was
extracted with further toluene. After concentrating to about
5 ml under reduced pressure, the clear solution was cooled to
4 °C. Pale green crystals were obtained (0.37 g, 65% yield). 'H
NMR (C¢Dg, 400 MHz): 6 46 (s, 6H, NCH,,, H,.,N, Av,, =
80 Hz), 30 (s, 6H, NCH,,,H,.,N, Av,,, = 80 Hz), 8.6 (s, 18H,
NMe, Av,, = 20 Hz). F NMR (C(Ds, 376 MHz): 6 —94.8
(OTf, Av,, = 410 Hz). Anal. calcd for C;sH; FoN O PrS;: C,
21.3; H, 3.57; N, 9.93; found: C, 21.1; H, 3.71; N, 9.53%.

3.1.2 THF as solvent. Pr(OTf); (0.82 g, 1.4 mmol) was
stirred in 50 ml THF, and Me,;TAC (0.36 g, 2.8 mmol) was
added dropwise via syringe. After 2 h, the solution became clear
and was stirred overnight. After removal of the solvent in
vacuo, the residue was treated with 100 ml of toluene at 60 °C
for 5 h and decanted while hot. Pale green crystals (0.95g, 81%
yield) were obtained by cooling the solution to 4 °C, and gave
identical NMR spectra and unit cell parameter to those
obtained following the procedure in section 3.1.1.

3.2 Synthesis of [E(NH,][(Et;TAC),Pr,(OTf),]-(C,Hy), s

Pr(OTf); (0.644 g, 1.1 mmol), Et;TAC (0.187 g, 1.1 mmol) and
EtNH,(OTf) (0.214 g, 1.1 mmol) were added to 100 ml THF.



Table 2 Selected bond lengths [A] and angles [7] in [(Me,TAC),-
Pr(OTf);] (standard deviations in parentheses)

Pr-O(4) 2.399(2) Pr-N(6) 2.600(2)
Pr-N(2) 2.612(2) Pr-N(5) 2.690(2)
Pr-N(3) 2.693(2) Pr-N(1) 2.712(2)
Pr-N(4) 2.730(2) C(1)-N@3) 1.464(3)
C(1)-N(1) 1.475(3) N(1)-C(11) 1.482(3)
S(1)-0(3) 1.431(2) S(1)-0(1) 1.466(2)
S(1)-C(7) 1.823(3) C(7)-F(2) 1.312(4)
O(4)-Pr-0(7) 72.99(7) N(2)-Pr-N(1) 52.17(6)
NG3)-Pr-N(1) 51.34(6) N(2)-Pr-N(3) 52.53(6)
O(4)-Pr-N(2) 85.27(6) O(1)-Pr-N(2) 97.64(6)
C()-N(1)-C(2)  108.52) C()-N(I)-C(11)  110.5(2)
CQ1)-NQ)-Pr  127.36(15) N(6)-Pr-N(2) 167.06(7)
S(1)-O(1)-Pr 153.96(12) 0(3)-S(1)-C(7) 102.04(13)
F()-C(T-F(3)  107.3(2) F(8)-C(9)-S(3) 112.92)

“ Uleq) is defined as one third of the trace of the orthogonalized Uj;
tensor.

Table 3 Selected bond lengths [A] and angles [°] in [EtNH,]-
[(Et;TAC),Pr,(OTf),]-(C;Hjg), s (standard deviations in parentheses)

Pr(1)-N(1) 2.674(6) Pr(1)-NQ3) 2.640(6)
Pr(1)-N(2) 2.665(6) Pr(1)-O(7) 2.502(6)
Pr(2)-0(9) 2.445(6) Pr(1)-0(1) 2.579(5)
Pr(2)-0(16) 2.350(7) Pr(2)-0(19) 2.383(8)
C(1)-N(1) 1.480(10) C(1)-NQ3) 1.474(10)
0(2)-S(1)-C(7) 104.35(12) O(1)-S(1)-C(7) 102.43(13)
NG)-Pr(1)-N(2)  52.07(18) N(6)-Pr(2)-N4)  52.5(3)
C(11)-N(1)-Pr(1)  134.0(5) CQ1)-NQ)-Pr(1)  129.3(4)

The mixture was stirred vigorously at room temperature. After
one day, the THF was removed in vacuo, and the residue was
extracted with 150 ml of hot toluene and decanted from the
solid. The solution was concentrated and cooled to 4 °C to give
0.23 g of yellow crystals. The mother solution yielded a further
0.33 g of product after removal of the toluene (52% total yield).
'"H NMR (C4Dy, 400 MHz): 56 (s, 6H, NCH,,,,H,.,N, Av,,, =
70 Hz), 47 (s, 6H, NCH,,,H..,N, Av,,, = 140 Hz), 18 (s, 12H,
NCH,Me), Av,,, = 50 Hz), 7.0 (m, 2.5H, PhMe), 4.3 (s, 18H,
Me, Av,, = 30 Hz), 3.4 (br, 2H, MeCH,NH;"), 2.4 (s, 1.5H,
PhMe), 1.1 (t, 3H, MeCH,NH,"); F NMR (C4Ds, 376 MHz):
o —115.1 (OTf, Avy, = 350 Hz). Anal. calcd for CsysHs,F,y-
N,0,,Pr,S;: C, 20.8; H, 3.09; N, 5.57; found: C, 19.8; H, 3.37; N,
5.54%.

4 Crystallography

Intensity data for both structures reported here were collected
at 150 K on a Nonius Kappa CCD equipped with a low
temperature device, using graphite monochromated Mo-Ka
radiation (4 = 0.71070 A), and processed using the Nonius
Software.!® For structure solution and refinement, the programs
SIR-97% and SHELXL-97/2,2' and for the illustrations
Ortep3,” were employed. Crystal parameters and details of the
data collection, solution and refinement are summarized in
Table 1. ORTEP graphics of the complexes are presented in
Fig. 2 and 4, and selected bond lengths and angles in Tables 2
and 3.

Notes on the refinement: [EtNH;][(Et;TAC),Pr,(OTf),] crys-
tallizes with a half molecule of toluene in the asymmetric unit,
which was refined isotropically. No attempt was made to calcu-
late the missing H atoms of this solvent molecule. One of the
seven triflates showed disorderin a 1 : 1 ratio and was isotropic-
ally refined using a split atom model.

CCDC reference numbers 175383 and 175384.

See http://www.rsc.org./suppdata/dt/b1/b110784b/ for crys-
tallographic data in CIF or other electronic format.
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